Introduction
genes contained a total of 14,808 SNPs, of which 4,873 were deemed "high quality" (Table 3; 3 0 1 Supplementary Table 4 ). We compared our results with the SNP detection results of Champigny 3 0 2 et al. (2013) . Of the SNPs detected in our experiment, 73% (10,883 positions) and 79% (3861 3 0 3 positions) of the low and high stringency SNPs, respectively, were also identified by Champigny 3 0 4 et al. (2013) . We also compared our SNPs to available Sanger sequencing of cDNA clones from 3 0 5 the YK accession (Wong et al., 2005) and identified 468 putative SNPs with reference to the SH 3 0 6 reference genome. Of these, 441 have corresponding sequence data in the YK transcriptome we 3 0 7 assembled and 88% (388 SNPs) had the same sequence variation in our assembly and the YK 3 0 8
Sanger sequencing data ( Supplementary Table 4 ). To assess gene expression differences between SH and YK, we determined the number of reads 3 1 4 aligned to each gene. Less than 0.2% (thirty-one genes) of the expressed genes were identified as 3 1 5 candidate DEGs between SH and YK ( Table 4 ). Sixteen of these thirty-one candidates do not 3 1 6 have homologous genes in A. thaliana, A. lyrata, or S. parvula and twenty have been annotated 3 1 7 in the reference genome (Table 4 ). Of those with homologs in one of these species, none have 3 1 8 been associated with previously reported trait differences in SH and YK. To confirm DEGs based on RNA-seq, we designed quantitative real-time reverse transcription 3 2 1 polymerase chain reaction (qRT-PCR) primers that matched unique positions in the reference 3 2 2 genome based on BLAST analysis (Altschul et al., 1990) . Unique primers could not be designed and no acceptable primer pair was identified for XLOC_004723. In total, qRT-PCR data 3 2 6 confirmed our RNA-seq data for 23 of 25 genes. For the 5 DEGs that had no close paralogs and 3 2 7
at least 4 reads in both SH and YK, expression differences based on RNA-seq were confirmed by 3 2 8 qRT-PCR in 4 of 5 genes (Table 4) . Among the 20 genes that had fewer than 4 reads in either SH 3 2 9 or YK, expression differences by qRT-PCR was consistent with RNA-seq data in 19 (Table 4) .
In addition, when the low accession had fewer than 4 reads there was no amplification in 16 of 3 3 1 20 cases (Table 4) . To identify potential metabolites and metabolic pathways that contribute to phenotypic and 3 3 7 physiological differences between SH and YK, metabolite profiling was conducted in two 3 3 8 independent experiments. In one experiment, metabolite concentrations in F 1 plants of a YK x 3 3 9 SH cross were also determined. Concentrations of free fatty acids and long-chain fatty acid derivatives were higher in YK than 3 4 2 SH (Table 5 and Supplementary Table 3 ). The concentration of ferulic acid was also greater in 3 4 3 YK than SH, indicating a potential for greater suberin and/or cutin accumulation in the YK The products of starch degradation were more abundant in SH than YK in both profiling (Table 5 ). Maltose and glucose, primary products of starch degradation, were 3 4 8 elevated in SH along with fructose, glycerol-3-phosphate, raffinose, and an unresolved disaccharide. This suggested more active 6-carbon metabolite catabolism via glycolysis in SH 3 5 0 compared to YK during the night (Table 5 and Supplementary Table 3 ). SH accumulated higher intermediates, on the other hand, were not consistently different between the accessions. Citric 3 5 4 acid and fumaric acid were accumulated at higher levels in YK while alpha-ketoglutaric acid was 3 5 5 greater in SH (Table 5 and Supplementary Table 3 ). Ascorbic acid was higher in SH but the 3 5 6 ascorbic acid degradation product tartaric acid (2,3 dihydroxybutanedioc acid, Table 5 and 3 5 7 Supplementary Table 3 ) was higher in YK. All amino acids that differed between SH and YK were higher in YK (Table 5 and 3 6 0 Supplementary Table 3 ). These included alanine, glycine, serine, threonine, and valine. Of these, leucine, and proline) were not different in the two accessions. Pathway analyses were conducted to on both transcriptome (Table 4 ) and metabolome data 3 6 8 (Table 5 ) to identify differences between SH and YK during the dark period and any correlation Thhalv10018393m.g, Thhalv10009345m.g, Thhalv10015718m.g, Thhalv10022932m.g, and 3 7 7
Thhalv10022943m.g) and one category related to cell organization of two DEGs 3 7 8 (Thhalv10029390m.g and Thhalv10029346m.g) were identified. Hence, our analyses did not 3 7 9
show any correlation between the E. salsugineum transcriptome and metabolome. To better understand the genetic basis for observed differences in metabolite concentrations 3 8 4 between SH and YK, we measured metabolites in F 1 hybrids. Concentrations of all measured 3 8 5 metabolites in both experiments are presented in Supplementary Table 3 . Of the 144 metabolites 3 8 6 measured in the experiment comparing the two parents and hybrids, 56% of all metabolites were 3 8 7 lower in hybrids than the predicted mid-parent value. This included 65% of the fatty acids and 49% 3 8 8 of carbohydrates detected ( Supplementary Table 3 ). We performed a two-way contingency test to determine if an observed difference in the accumulation of a metabolite was predictive of 3 9 0 heterosis for that metabolite ( Supplementary Table 5 ). We found that metabolites with 3 9 1 accumulation differences between the parents were neither more nor less likely to exhibit 3 9 2 accumulation differences between the F 1 and the mid-parental values ( Supplementary Table 5 ). Hybridization can result in transgressive heterosis in which phenotypic values for the hybrids fall was observed for 28. Of these, 4 metabolites were not observed in one of the two parents and 24 3 9 7 were detected in both parents and the hybrids (Figure 1 ). Of the 24 detected in all three based on Binomial exact test) and more frequently affected metabolites that did not differ in 4 0 0 concentration between the parents ( Supplementary Table 5 ; P-value ≤ 0.05 based on χ 2 test).
0 1
Thus, heterosis for the metabolome was manifested by a decrease in metabolite pool sizes in 4 0 2 hybrids and was not preferentially associated with metabolites that contributed to the variation 4 0 3 between the two parents. This is consistent with our observation of decreased availability of 4 0 4 primary metabolites in the faster growing YK (Table 5 and Supplementary Table 3 ). We propose 4 0 5 that a metabolic consequence of enhanced growth is a reduction in pool sizes of primary 4 0 6 metabolites and greater resource utilization for anabolic metabolism. In this study, we profiled both transcript and metabolite accumulation to identify genetic and 4 1 1 biochemical variation during the dark period in two E. salsugineum accessions: SH and YK. We in the middle of the dark period. We found that YK accumulates more fatty acids than SH, while 4 1 4 SH accumulates sugars at higher concentrations. Although the transcriptomic and metabolic 4 1 5 profiling results do not offer links to each other, they do offer insight into genetic and 4 1 6 physiological differences between these accessions. Furthermore, we identified additional SNPs, 1 1 and provide validation of previously described SNPs, varying between these accessions that can 4 1 8 be utilized for future research. Based on the predicted transcriptome size (Yang et al., 2013) , the SNP density from our analysis 1 3
( Supplementary Table 1 ).
The transcript abundance of a gene encoding E. salsugineum peptide methionine sulfoxide 5 1 2 reductase 3 (PMSR3) was higher in YK than SH (Table 4 ). There are five orthologous PMSR 5 1 3 genes in A. thaliana: PMSR1 to 5 (Rouhier et al., 2006) that are also found in E. salsugineum.
The expression of PMSR3 is induced by arsenate (Paulose et al., 2010) , suggesting the ability to oxidative stress tolerance in this accession. In two metabolic profiling experiments, 125 and 144 metabolites were detected. Differences were identified between SH and YK for the 85 metabolites detected in both experiments (Table 5   5  2  7 and Supplementary Table 3 ). The derivatization method we utilized has been widely used to 5 2 8 detect sugars (Gullberg et al., 2004) , but is less accurate for identifying and quantifying amino were not detected in our analyses. and wall-resident suberin (Table 5 and Supplementary Table 3 ). Fatty acids contain more energy 5 3 6 than carbohydrates when used as storage compounds and can act as an efficient storage form of tricosanoic acids were more abundant in YK than SH (Table 5) , consistent with our 5 4 2 measurements of higher growth rates of YK as compared to SH in our growth conditions 5 4 3 (manuscript in preparation). The VLCFA tetracosanoic acid, which plays an important role in 5 4 4 root cell growth and expansion (Qin et al., 2007) , was accumulated at a higher concentration in 5 4 5 YK (Table 5 and Supplementary Table 3 ). In addition to carbon storage, lipids are important Overall, SH tissues had higher concentrations of sugars than YK. These measurements of 5 5 1 nighttime sugar concentrations were similar to previous results obtained for fructose, glucose, (Table 5 and Supplementary Table 3 ), suggesting a higher rate of starch metabolism in the 1 4 lower-biomass SH accession This was consistent with the strong negative correlation between More than 58% of the metabolites in F 1 plants were different from the predicted mid-parent Transgressive heterosis was more commonly observed for metabolites that were not different 5 7 7 between the two parents ( Supplementary Table 5 ). This suggests that allelic variation affecting 5 7 8 differential metabolite accumulation in the parents is not responsible for the observed heterosis in the F 1 metabolome. Although it is surprising that differences between the parents were not 5 8 0 predictive of a metabolite association with heterosis, it may be that the metabolomic 5 8 1 consequences of heterosis derived from secondary effects of an increased growth rate in F 1 5 8 2 hybrids, rather than a causative relationship between growth rate and specific metabolites or growth exhibited reduced pool sizes in the more rapidly growing YK as compared to SH ( Table   5 8 5 5 and Supplementary Table 3 ), as well as in the very rapidly growing F 1 plants as compared to 5 8 6 the parents (Figure 1 and Supplementary Table 3 ). Consistent with the hypothesis that utilization 5 8 7 rate drives the heterotic effects on metabolite pool sizes, the transgressive effect overwhelmingly 5 8 8 resulted in lower concentrations of metabolites in the hybrids (Figure 1 and Supplementary Table  SNPs to map traits that differ in these accessions, such as tolerance to various stresses. There is 6 0 2 evidence for contrasting carbon metabolism in these two accessions, which correlates with 6 0 3 observed growth differences. Furthermore, metabolite profiling of the accessions and F 1 hybrids 6 0 4 supports the notion that the concentrations of key metabolites are correlated with growth rate, 6 0 5
Increased utilization rate as a hypothesis for metabolome heterosis
including the increased growth rate caused by heterosis. Our hypothesis was that combined transcriptome and metabolome profiling of two contrasting E. between these contrasting accessions. The difference carbon metabolism identified in the 6 1 0 metabolome profiling provides insights for growth differences between SH and YK. However, 6 1 1 none of the 19 DEGs that have been annotated in the reference genome are related to the 6 1 2 observed metabolic differences. There are two plausible explanations: 1) the additional 11 DEGs 6 1 3 that are currently unannotated in the reference genome could provide additional evidence for the 6 1 4 link between metabolome and transcriptome, or 2) by increasing the number of replicates in 6 1 5 transcriptome study, more DEGs will be identified to support further pathway identification.
indicate fatty acids and their derivatives. Others indicate all other compounds not belong to 7 0 0 carbohydrates or fatty acids, or amino acids. Sanger data (Present in Sanger data) are indicated. salsugineum. Metabolites that were different between F1 and mid-parent showed no enrichment 7 1 3 in those were different between the two parents based on a χ 2 test. Metabolites in F1 hybrids that 7 1 4 showed transgressive heterosis were enriched in the metabolites with no variations between the Haun, W. J., Hyten, D. L., Xu, W. W., Gerhardt, D. J., Albert, T. J., Richmond, T., et al. (2011) . Huang, W., Pérez-García, P., Pokhilko, A., Millar, a. J., Antoshechkin, I., Riechmann, J. L., et al. (n=4). Empty indicates absence or undetected metabolites. Genotypes are significant different at P-value < 0.05 (*), 0.01 (**), and 0.001 (***) based on two-tailed t test in Experiment 1 (E1), Experiment 2 (E2), or nested (N) analysis of two experiments combined together. Carbohydrates indicate sugar-related compounds and derivatives in citric acid cycle. Fatty acids indicate fatty acids and their derivatives. Others indicate all other compounds not belong to carbohydrates or fatty acids, or amino acids.
